Bioaccumulation and trophic transfer of trace metals in seaweed Gracilaria tenuistipitata var.liui and abalone Haliotis diversicolor by 黄栩
 
 I
学校编码：10384                                             密级      
学    号：22420060153340               
 
 博  士  学  位  论  文  
几种痕量金属在细基江蓠和杂色鲍体内的 
生物累积及传递 
Bioaccumulation and trophic transfer of trace metals in 
seaweed Gracilaria tenuistipitata var.liui and abalone Haliotis 
diversicolor  
  黄    栩 
  指导教师姓名： 柯才焕 教授 
                 王文雄 教授 
  专 业 名 称:  海洋生物学 
论文提交日期： 2009 年 09 月 
论文答辩日期： 2009 年 11 月 
                           






















另外，该学位论文为（                            ）课题（组）
的研究成果，获得（                ）课题（组）经费或实验室的




























（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 












目   录 
 I
目 录 
摘  要.........................................................................................................1 
Abstract ....................................................................................................4 
第一章 前 言 ............................................................................................7 
1.1 我国近海海洋环境和海洋生物的重金属污染状况 ........................................8 
1.1.1 我国近海海水和沉积物重金属污染的调查..............................................8 
1.1.2 我国沿海水产品重金属污染的调查........................................................ 11 














参 考 文 献 ............................................................................................................28 
第二章 杂色鲍对来自水体和饵料的 Ag、Cd 和 Hg 的累积............37 
2.1 引言 ..................................................................................................................37 















目   录 
 II















2.4 结论 ..................................................................................................................57 
参 考 文 献 ............................................................................................................59 
第三章 水相和食物相 Ag 和 Cd 暴露后鲍的生理反应 .....................62 
3.1 引言 ..................................................................................................................62 
























目   录 
 III
3.3.3 Ag 和 Cd 的亚细胞分布............................................................................69 
3.3.4 金属硫蛋白浓度的测定.............................................................................72 







3.5 结论 ..................................................................................................................77 
参 考 文 献 ............................................................................................................78 
第四章 温度、盐度对细基江蓠 Cd 和 Cu 累积和毒性的影响 .........82 
4.1 引言 ...................................................................................................................82 









4.2.8.1 可溶性多糖 .........................................................................................86 
4.2.8.2 总 N 和粗蛋白 ....................................................................................86 
4.2.8.3 总脂 .....................................................................................................86 
4.2.9 统计学分析.................................................................................................87 
4.3 结果 ..................................................................................................................87 
4.3.1 温度、盐度对细基江蓠 Cd 累积和毒性的影响.....................................87 
4.3.1.1 Cd 的累积............................................................................................87 
4.3.1.2 生长率 .................................................................................................87 













目   录 
 IV
4.3.1.4 丙二醛含量 .........................................................................................90 
4.3.1.5 能量储存 .............................................................................................91 
4.3.1.5.1 可溶性多糖 ..................................................................................91 
4.3.1.5.2 总脂 ..............................................................................................92 
4.3.1.5.3 总蛋白 ..........................................................................................93 
4.3.1.5.4 总的能量储存 ..............................................................................94 
4.3.2 温度、盐度对细基江蓠 Cu 累积和毒性的影响.....................................96 
4.3.2.1 Cu 的累积............................................................................................96 
4.3.2.2 生长率 .................................................................................................97 
4.3.2.3 叶绿素 a ..............................................................................................97 
4.3.2.4 丙二醛含量 .........................................................................................98 
4.3.2.5 能量储存 .............................................................................................99 
4.3.2.5.1 可溶性多糖 ..................................................................................99 
4.3.2.5.2 总脂 ............................................................................................100 
4.3.2.5.3 总蛋白 ........................................................................................101 
4.3.2.5.4 总的能量储存 ............................................................................102 
4.4 讨论 ................................................................................................................104 
4.4.1 温度、盐度对细基江蓠生长的影响......................................................104 
4.4.2 温度、盐度对 Cd 和 Cu 累积的影响 ...................................................104 
4.4.3 Cd 和 Cu 累积对细基江蓠的的毒性 .....................................................105 
4.4.4 不同的温度、盐度条件下，细基江蓠的累积金属后的毒性反应......107 
4.5 结论 ................................................................................................................109 
参 考 文 献 .......................................................................................................... 110 
第五章 总结和展望 ..............................................................................116 
缩略语表.................................................................................................119 
博士期间参与课题及发表论文 ............................................................120 













Table of Contents 
 V
Table of Contents 
Abstract (in Chinese) ................................................................................1 
Abstract (in English).................................................................................4 
Chapter 1: Introduction ...........................................................................7 
1.1 Metal pollution in coastal environments and seafood of China .....................8 
1.1.1 The metal pollution in coastal waters and sediments of China......................8 
1.1.2 The metal pollution in seafood of China...................................................... 11 
1.2 Charaterisitics and harmfulness of metals.....................................................13 
1.2.1 Persistance....................................................................................................13 
1.2.2 Biaconcentration, Bioaccumulation and Biomagnification .........................13 
1.2.3 Bioavailability..............................................................................................14 
1.2.4 Harmfulness .................................................................................................16 
1.3 Research of metal bioavailability in marine organisms................................17 
1.3.1 Free ion activity model ................................................................................17 
1.3.2 Bioenergetic-based kinetic model................................................................18 
1.3.3 Biotic ligand model......................................................................................20 
1.3.4 Subcellular partitioning model.....................................................................21 
1.4 The objectives and framework of this study ..................................................23 
1.4.1 Abalone ........................................................................................................23 
1.4.2 Macroalgae...................................................................................................24 
1.4.3 Objectives ....................................................................................................25 
References ...............................................................................................................28 
Chapter 2：Bioaccumulation of Ag, Cd and Hg in the abalone Haliotis 
diversicolor from water and dietary phase ...........................................37 
2.1 Introduction ......................................................................................................37 
2.2 Material and methods ......................................................................................38 













Table of Contents 
 VI
2.2.2 Reagents and instruments ............................................................................38 
2.2.3 Influx rate.....................................................................................................39 
2.2.4 Assimilation efficiency ................................................................................40 
2.2.5 Efflux rate constant ......................................................................................41 
2.2.6 Radioactivity determination.........................................................................43 
2.2.7 Biokinetic modeling.....................................................................................44 
2.3 Results................................................................................................................44 
2.3.1 Influx rate.....................................................................................................44 
2.3.2 Assimilation efficiency ................................................................................46 
2.3.3 Efflux rate constant ......................................................................................49 
2.3.4 Biokinetic modeling.....................................................................................52 
2.4 Discussion ..........................................................................................................54 
2.4.1 Influx rate.....................................................................................................54 
2.4.2 Assimilation efficiency ................................................................................55 
2.4.3 Efflux rate constant ......................................................................................56 
2.4.4 Biokinetic modeling.....................................................................................56 
2.4 Conclusions .......................................................................................................57 
References ...............................................................................................................59 
Chapter 3：Response of abalone to sublethal exposure of waterborne 
and dietary Ag and Cd............................................................................62 
3.1 Introduction ......................................................................................................62 
3.2 Material and methods ......................................................................................63 
3.2.1 Abalone and macroalgae ..............................................................................63 
3.2.2 Reagents and instruments ............................................................................63 
3.2.3 Experimental setup.......................................................................................64 
3.2.4 Feeding rate and growth rate........................................................................64 
3.2.5 Metal body burden .......................................................................................65 
3.2.6 Subcellular fractionation..............................................................................66 
3.2.7 Metallothionein ............................................................................................66 














Table of Contents 
 VII
3.3.1 Growth rate and feeding rate........................................................................67 
3.3.2 Metal accumulation......................................................................................68 
3.3.3 Subcellular fractionation..............................................................................69 
3.3.4 Metallothionein ............................................................................................72 
3.4 Disccusion..........................................................................................................73 
3.4.1 Growth rate and feeding rate........................................................................73 
3.4.2 Growth dilution and allometry.....................................................................74 
3.4.3 Subcellular fractionation..............................................................................74 
3.4.4 Relationship between metal exposure and metallothionein concentration ..75 
3.4.5 Biological acclimation .................................................................................75 
3.4.6 Comparison of toxicity between the two expsosure way.............................76 
3.5 Conclusions .......................................................................................................77 
References ...............................................................................................................78 
Chapter 4: Influences of temperature and salinity on Cd and Cu 
accumulation by Gracilaria. tenuistipitata var. liui and their 
subsequent responses ..............................................................................82 
4.1 Introduction ......................................................................................................82 
4.2 Material and methods ......................................................................................83 
4.2.1 G. tenuistipitata var. liui ...............................................................................83 
4.2.2 Reagents and instruments ............................................................................83 
4.2.3 Experimental setup.......................................................................................84 
4.2.4 Relative growth rate.....................................................................................84 
4.2.5 Metal accumulation......................................................................................84 
4.2.6 Chl a content ................................................................................................85 
4.2.7 MDA content................................................................................................85 
4.2.8 Energy reserve..............................................................................................85 
4.2.9 Statistical analysis ........................................................................................87 
4.3 Results................................................................................................................87 
4.3.1 Influences of temperature and salinity on Cd accumulation and subsequent 
physiological responses ........................................................................................87 













Table of Contents 
 VIII
4.3.1.2 Relative growth rate ..............................................................................87 
4.3.1.3 Chl a content..........................................................................................89 
4.3.1.4 MDA content .........................................................................................90 
4.3.1.5 Energy reserve .......................................................................................91 
4.3.1.5.1 Carbohydrate...................................................................................91 
4.3.1.5.2 Total lipids.......................................................................................92 
4.3.1.5.3 Total proteins...................................................................................93 
4.3.1.5.4 Energy reserve.................................................................................94 
4.3.2 The influence of temperature and salinity on Cu accumulation and 
subsequent physiological responses......................................................................96 
4.3.2.1 Cu accumulation....................................................................................96 
4.3.2.2 Relative growth rate ..............................................................................97 
4.3.2.3 Chl a content..........................................................................................97 
4.3.2.4 MDA content .........................................................................................98 
4.3.2.5 Energy reserve .......................................................................................99 
4.3.2.5.1 Carbohydrate...................................................................................99 
4.3.2.5.2 Total lipids.....................................................................................101 
4.3.2.5.3 Total proteins.................................................................................100 
4.3.1.5.3 Energy reserve...............................................................................102 
4.4 Discussion ........................................................................................................104 
4.4.1 The influence of temperature and salinity on the growth rate ...................104 
4.4.2 The influence of temperature and salinity on Cd and Cu accumulation....104 
4.4.3 Toxicity of Cd and Cu on G. tenuistipitata var. liui ...................................105 
4.4.4 The responses of G. tenuistipitata var. liui to Cd and Cu exposure under 
different temperature and salinity .......................................................................107 
4.5 Conclusions .....................................................................................................109 
References ............................................................................................................. 110 
Chapter 5: Genernal conclusion and perspective ..............................116 
Abbreviation …………………………………………………………119 














摘   要 
 1
摘  要 
鲍是世界上 有价值的经济水产动物之一。我国是 大的产鲍国，有 300 多








考察了鲍对来自饵料的重金属 Ag、Cd 和 Hg 的累积的相对重要性和三种金属的
食物链传递潜力；研究了环境相关浓度的 Ag、Cd 暴露引起的鲍的生物学和生理
学反应；在得出鲍的重金属累积主要来自于饵料即细基江蓠的结论之后，转而研
究环境条件（温度和盐度）对细基江蓠 Cd 和 Cu 累积的影响，寻求减少细基江
蓠对金属的累积，同时不影响江蓠的产量和营养价值的环境条件。 
研究内容分为三个部分，主要结果如下： 
1. 调查了鲍对金属 Ag、Cd 和 Hg 的水相吸收速率常数 ku，饵料源金属的同化
率 AE、金属的排除率常数 ke 和摄食率 IR，并运用生物动力学模型，比较饵
料暴露和水体暴露对鲍的金属累积的相对重要性和食物链传递因子 TTF。测
定结果表明，三种金属的 AE 都很高，因藻种不同或者环境不同而有差异，
其中 Ag 的 AE 范围在 58-83 %，Cd 在 39-66 %，Hg 在 65-78 %。Ag、Cd 和
Hg 的吸收速率常数分别为 1.78 L g-1 d-1、0.056 L g-1 d-1 和 0.32 L g-1 d-1。两种
暴露途径的金属排出速率接近，分别为 Ag 0.003 d-1、Cd 0.011 d-1 和 Hg 0.011 
d-1。将测得的参数数值代入模型公式，我们发现，在自然条件下，饵料暴露
是鲍累积 Ag、Cd 和 Hg 的主要方式。同时，我们还发现，这些金属具有通过
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潜在的威胁。 




而各组鲍体内 Ag 和 Cd 的浓度在前两周也是显著地上升，Ag 的浓度在第二
周和第四周之间仍有所提高，而 Cd 的浓度在各组已经趋于稳定。亚细胞分
布结果表明，大部分的 Ag 从 cellular debri 组分，被重新分配到 organelles 和
metal-rich granules，而 Cd 在各个组分中的分布相对稳定，主要储存于 cellular 
debris 和 MTLP 组分中。暴露的前两周，各实验组金属硫蛋白的含量也是显
著的提高，与此时鲍体内的 Ag 和 Cd 浓度相关，此后，金属硫蛋白浓度开始
回落。所有的结果表明杂色鲍对金属的暴露产生了快速的生理反应，然后逐
步产生了适应性。 
3. 研究金属 Cd 和 Cu 累积导致的细基江蓠生长和生理的变化，及温度和盐度条
件对细基江蓠 Cd、Cu 累积和毒性的影响。使用的参数包括金属累积浓度、
生长率、叶绿素 a 含量、丙二醛含量（MDA）和能量水平等。分别给 Cd 和
Cu 设定四个暴露浓度，结果表明，随着 Cu 的累积浓度增加，细基江蓠的生
长率显著降低，Chl a 下降但不显著，MDA 显著提高和能量水平的显著降低；
随着 Cd 的累积浓度增加，细基江蓠的生长率也显著地降低，Chl a 显著降低，
MDA 含量和能量水平没有明显变化。对温度和盐度的考察表明，温度的提高
显著地促进了细基江蓠对 Cd 的累积，并导致生长率低于对照组且下降比对
照组更为显著，也导致 Chl a 含量低于对照但下降趋势不如对照组显著，在
28 ℃时引起MDA含量显著高于对照和能量储存水平显著低于对照但趋势与
对照一样；盐度的降低也显著提高了细基江蓠对 Cd 的累积，但生长率高于
对照且下降没有对照组明显，Chl a 含量低于对照但没有显著下降，MDA 显
著低于对照且趋势和对照一样，除 200 µg L-1 外能量储存与对照没有显著差
异；温度的提高促进了 Cu 的累积，生长率低于对照且下降趋势比对照明显，
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也促进了 Cu 的累积，生长率显著高于对照但下降趋势也很显著，Chl a 显著
低于对照但下降趋势不显著，MDA 含量显著低于对照但趋势和对照一致，能
量储存水平下降比对照显著。综上，Cu 对细基江蓠的毒性要强于 Cd，主要
原因是细基江蓠对 Cu 的累积能力要显著高于 Cd。温度的提高加剧了 Cd 和



















Abalone is one of the most prized sea delicacies worldwide. Currently, China is 
the largest producer of cultured abalone (mostly Haliotis diversicolor) worldwide, 
with over 300 farms and a total production of over 5000 t in 2007. However, 
increasing urbanization and industrialization in China has resulted in increasing 
contamination of both estuarine and marine ecosystems. Metals have long been 
recognized as one of the most important pollutants in Chinese coastal water because 
of their potentials for accumulation in marine organisms. Thus, it would pose a great 
threat to mariculture of China, including abalone aquaculture. Haliotis diversicolor is 
the species mainly cultured in southern China. Gracilaria tenuistipitata var. liui is 
generally cultured en masse to be used as the principle forage of abalone. Similar to 
other macroalgae, Gracilaria tenuistipitata var. liui is capable of accumulating metals 
in concentrations several thousand times higher than those in the surrounding seawater. 
Thus, these macroalgae may act as the potential conveyors in the metals’ trophic 
transfer to abalones and finally to humans through the consumption of abalones. 
In this study, firstly biokinetic model was employed to quantify the significance 
of dietary Ag, Cd and Hg in the metal accumulation of abalone Haliotis diversicolor. 
Secondly, the responses of abalone to sublethal Ag and Cd from water and dietary 
exposure were investigated since more than 50% of Ag, Cd and Hg in abalone came 
from the dietary source. Thirdly, influence of environmental conditions (temperature 
and salinity) on Cd and Cu accumulation and toxicity of Gracilaria tenuistipitata var. 
liui was investigated to identify the suitable conditions for the forage of abalone. 
The main results are as follows: 
1. The route and rate of Ag, Cd and Hg uptake in the abalone Haliotis diversicolor 
were quantified by determining each metal’s uptake rate from the dissolved phase, 
its assimilation efficiency (AE) from different macroalgae and its efflux rate 















assimilated by the abalones from ingested macroalgae that the AEs with the four 
macroalgal diets were 58-83% for Ag, 39-66% for Cd, and 65-78% for Hg. The 
uptake rate constant (ku) was 1.78 L g-1 d-1 for Ag, 0.056 L g-1 d-1 for Cd, and 0.32 L 
g-1 d-1 for Hg. Then we used a biokinetic modeling approach to investigate the 
significance of dietary exposure and their corresponding trophic transfer factors. 
Our calculation suggested that dietary uptake was often the dominant route for Ag, 
Cd and Hg accumulation in abalones under typical natural conditions. The 
calculated TTF was >1 for all three metals, thus these metals also had a higher 
potential for biomagnification. Therefore, trophic transfer of toxic metals from 
macroalgae to the abalones may be a potential seafood safety issue. 
2. We examined the chronic waterborne and dietary exposure of silver (Ag) and 
cadmium (Cd) to the abalone Haliotis diversicolor using various endpoints such as 
growth and feeding rates, metal body burden, subcellular distribution, and 
metallothionein (MT) over a period of seven weeks of exposure.  The growth and 
feeding rates of abalones were inhibited during the early stage of exposure to 
different extents, but then recovered to nearly the control levels.  The Ag and Cd 
body burden of abalones in the waterborne and high dietary treatments increased 
significantly after two weeks of exposure and then remained relatively constant 
except in the high dietary Ag treatment.  Subcellular results indicated that a large 
portion of Ag was redistributed to organelles and metal-rich granules from the 
cellular debris fraction, whereas cellular debris and metallothionein-like protein 
were the dominant pools for the storage of Cd, which remained comparable during 
the exposure period.  The MTs were significantly elevated (in a dose-dependent 
manner) within the first two weeks of exposure, after which the MTs started to 
decrease.  All these results implied that abalones respond rapidly to metal 
exposure, but apparently developed subsequent acclimation. 
3. The influences of temperature and salinity on the Cd and Cu accumlation in 
Gracilaria tenuistipitata var. liui and its subsequent responses, including metal 
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